Titanium (IV) sulphide (TiS 2 ) is a layered transition metal dichalcogenide, which we exfoliate using liquid phase exfoliation. TiS 2 is a candidate for being part of a range of future technologies. These applications are varied, and include supercapacitor and battery energy storage devices, catalytic substrates and the splitting of water. The driving force behind our interest was as a material for energy storage devices. Here we investigate a potential failure mechanism for such devices, namely oxidation and subsequent loss of sulphur. This degradation is important to understand, since these applications are highly property-dependent, and changes to the chemistry will result in changes in desired properties. Two approaches to study oxidisation were taken: ex situ oxidation by water and oxygen at room temperature and in situ oxidation by a 5% O 2 /Ar gas at elevated temperatures. Both sources of oxygen resulted in oxidation of the starting TiS 2 flakes, with differing morphologies. Water produced amorphous oxide slowly growing in from the edge of the flakes. Oxygen gas at ≥375°C produced crystalline oxide, with a range of structures due to oxidation initiating from various regions of the observed flakes. npj 2D Materials and Applications (2017) 1:22 ; doi:10.1038/s41699-017-0024-4 INTRODUCTION Titanium (IV) sulphide, TiS 2 , is a candidate for applications in a range of future technologies, including catalytic substrates and the splitting of water, supercapacitors and energy storage devices. TiS 2 is a layered transition metal dichalcogenide (TMD) with hexagonal crystal symmetry and takes the 1T phase and is relatively under explored in two-dimensional form. Each layer consists of three sheets of atoms: the two outer planes are sulphur, coordinated to three titanium atoms with a trigonal pyramidal geometry; the middle plane is titanium and each atom takes octahedral coordination to six sulphur atoms. These atomic sheets are stacked ABC (Supplemental Information Fig. 1 ), while the layers themselves stack AA in the 1T phase.
INTRODUCTION
Titanium (IV) sulphide, TiS 2 , is a candidate for applications in a range of future technologies, including catalytic substrates and the splitting of water, supercapacitors and energy storage devices. TiS 2 is a layered transition metal dichalcogenide (TMD) with hexagonal crystal symmetry and takes the 1T phase and is relatively under explored in two-dimensional form. Each layer consists of three sheets of atoms: the two outer planes are sulphur, coordinated to three titanium atoms with a trigonal pyramidal geometry; the middle plane is titanium and each atom takes octahedral coordination to six sulphur atoms. These atomic sheets are stacked ABC (Supplemental Information Fig. 1 ), while the layers themselves stack AA in the 1T phase.
The excellent capacitive properties of bulk TiS 2 (high energydensity and power-density 1, 2 and excellent electronic conductivity 3 ) have attracted interest since the 1970s, with bulk TiS 2 used as a cathode material in lithium-metal/alloy anode batteries, where lithium metal ions were intercalated, transferring charge to reduce titanium 3d orbitals and causing reduction from Ti 4+ to Ti 3+ (refs. 4, 5) . High rates of charging and discharging were demonstrated with near-perfect reversibility. In addition, the material forms a single phase with lithium (Li x TiS 2 ) over the entirety of the range 0 ≤ x ≤ 1, avoiding the need for phase changes upon (de-) lithiation which removes much of the strain induced in cycling, prolonging battery life. However, TMD/Lithium-metal batteries were withdrawn from consumers due to accidents in 1989 where the metallic lithium caught fire as a consequence of shortcircuiting due to lithium-dendrite growth. 6 Other battery-applications of bulk TiS 2 include as an encapsulation material of Li 2 S cathodes and as part of nanocomposite cathodes in solid-state lithium batteries. 7, 8 It has also been used as a hybrid cathode in Li-S batteries, where sulphur is intercalated into a TiS 2 foam, and found to have a very high capacity. 9 Furthermore, TiS 2 has also been used as a substrate for the growth of water-splitting Pt and Au catalysts. 10 It has also been proposed that alloying with TiO 2 would reduce the bandgap to optimise photon absorption for photocatalytic water splitting. 11 The exact bandgap of TiS 2 is hard to specify, as a range of values have been put forward across the literature, ranging from −1.5 to 2.5 eV, but it is usually considered to be either a semi-metal (negative bandgap arising from overlapping conduction and valence bands) or a small-gap semiconductor. [12] [13] [14] One possible explanation for this range of values is that the samples of TiS 2 being measured had already undergone some small degree of oxidation, or that samples differed stoichiometrically.
Here our interest in the degradation of this material was initialised when, upon opening a dispersion of TiS 2 , a sulphurous smell was noted. In the presence of water TiS 2 could oxidise according to the following reactions:
While in the presence of oxygen gas, the following is proposed:
Cucinotta et al. 15 performed density functional theory (DFT) calculations on the above reactions, predicting that in an aqueous environment water would preferentially oxidise a monolayer from the edge or from a point defect in the case that the edge was 50% terminated in sulphur. It is worth noting that other possible mechanisms could result in the formation of different species including SO 2 , but this was not included in these calculations. This correlated well with work by Han et al. 16 who observed similar behaviour in TiS 2 nanocrystals in a water/toluene mixture. Here we expand this work to study the oxidation of material produced through liquid phase exfoliation methods. We combine ex situ Fig. 1 Initial status of TiS 2 . a TEM overview of TiS 2 flake, b HAADF STEM of region from A, from which maps C-E were acquired, c Ti L 3 EELS map, d O K EELS map, e S K EDX map studies with advanced electron microscopy techniques including in situ oxidation studies to reveal the mechanisms underlying the oxidation of TiS 2 nanosheets.
RESULTS

Oxidation by water
We studied the oxidation of TiS 2 by two common oxygencontaining species: deionised water (H 2 O) and gaseous oxygen (O 2 ). We used ex situ ageing experiments initially to study oxidation over the course of many weeks within aqueous and atmospheric environments. We subsequently conducted in situ gas-heating and vacuum-heating experiments to try and observe oxidation in action, but decoupled from purely thermal effects. Oxidation occurs on the nanoscale, so we used transmission electron microscopy (TEM) to acquire both structural and spectroscopic information with high spatial resolution, in combination with first principles calculations to determine likely reaction mechanisms.
Flakes exfoliated by ultra-sonication had thicknesses in the approximate range 10-60 nm as measured by energy filtered transmission electron microscope thickness mapping, taking the electron inelastic mean free path at 300 kV to be 127.4 nm (further information can be found in the supplementary information, Supplementary Fig. 2) . 17 This range of thickness is typical of flakes exfoliated in this manner without undergoing size-selection, and includes changes in thickness within a single flake. 18 Lateral flake dimensions range from several hundred nanometres up to several micrometres. Figure 1 shows the status of a flake of TiS 2 immediately after exfoliation. Figure 1a shows an overview of a flake acquired with TEM, the boxed region was imaged with scanning transmission electron microscopy (STEM) in Fig. 1b . Figure 1c -e shows elemental maps. We mapped sulphur with energy-dispersive Xray spectroscopy (EDX) due to the weak EELS L 2,3 edge (Fig. 1e) , which is fairly uniform across the entirety of the mapped region. Titanium L 2, 3 (Fig. 1c) and oxygen K (Fig. 1d) edges were mapped using electron energy loss spectroscopy (EELS). EDX maps of the Ti K, L and O K peaks are provided in Supplementary Fig. 3 , but the overlap between the Ti L and O K peaks due to poorer energy resolution means they are not as useful to map as the associated EELS edges and the low counts makes EDX quantification meaningless. As expected, titanium was found uniformly across the flake, and a narrow boarder (~2 nm) of oxygen was observed at flake/step edges, attributed to oxidation of the starting powder prior to exfoliation. The small bright feature present in Fig. 1c, d is In situ and ex situ TEM study into the oxidation of TiS 2 E Long et al.
attributed to a particle of titanium oxide on top of the sulphide flake, whereas no feature is present at that location in the S map (Fig. 1e) . Figure 2 maps across a flake stored in H 2 O for 21 days, during which time the oxidation region grew~80 nm into the flake. A band of material was mapped across the flake to identify changes over the flake which are not localised to the edge, which is narrow to minimise the effects of sample-drift. Figure 2a is an HAADF (high-angle annular dark-field) STEM image of part of the TiS 2 flake, across which EELS and EDX spectra were acquired. Two regions were identified based on contrast levels and morphology -an outer and an inner region. Speckled contrast was observed in the outer region and to a lesser extent across the centre. This is indicative of fragmented pieces, suggesting the flakes are breaking down during the reaction to form a shell. A region of darker HAADF intensity was observed along the border between these regions -implying reduced thickness or mass. It is expected that the thickness of these flakes resulted in the retention of this inner region, due to difficulties in getting water molecules into the middle where the flakes were thickest. Thinner flakes would likely fully oxidise faster due to the relative increase in the number of layers near to the surface. A 'parallel nanoprobe' beam was employed to compare the crystallinity between these regions. The nanoprobe had a diameter of~15 nm, and was used to obtain local diffraction patterns from across the flake, providing a sampling region over 130 times smaller than that obtainable with our smallest selected area electron diffraction aperture. The sulphide region ( Fig. 2f ) was crystalline, matching TiS 2 down (001), while the oxide region ( Fig. 2g ) was amorphous. Figure 2f Oxidation by air An additional oxidation process explored was the reaction with oxygen gas. Figure 3 shows the result of ageing in normal atmospheric conditions for 46 days. This sample showed more oxidation than the as-exfoliated flake shown in Fig. 1 . Figure 3a is a STEM image of the edge-region, and fast fourier transforms (FFT) (green and red insets to Fig. 3a ) demonstrate the loss of crystallinity at the edge. Variations in contrast in STEM are due to both differences in average atomic number and sample thickness. Along the right hand edge, the flake has fully oxidised and appears dark relative to the rest of this area due to titanium oxide being of a lower mean atomic number than titanium disulphide. However the bright region towards the bottom of the probed region arises from a TiO x particle on top the TiS 2 . The oxide region looks very different from that in Fig. 3a , uniform contrast suggesting a different structure was produced without the small nanoflakes observed in the water-oxidised sample. We observed strong enhancement of the oxygen signal around the flake edges ( Fig. 3c) , similar to the 'as-exfoliated' sample in Fig. 1 , which had only grown~5 nm into all layers after 46 days. A line of oxide extending into the flake was observed, suggesting that the oxide can form along boundary defects, but that growth into the bulk of the flake is limited. A shift in the peak of the Ti L 3 edge (Fig. 3e ) was again observed in the oxide region as in the pristine sample but there was now with a larger shift of about 1.5 eV compared to the sulphide. Again, a 5-nm wide intermediary region was observed.
Overall, ageing in water produced significantly more oxidation despite exposure for only half as long as a sample exposed only to air. A possible explanation for this difference is that water molecules dissociate into H + and OH − ions, creating a more reactive. This suggests that to prevent oxidation of TiS 2 a desiccated environment may be sufficient and a good vacuum or an inert gas environment may not be necessary. An aqueous electrolyte, however, would likely lead to premature failure battery devices.
Oxidation by oxygen + heating We studied the response of TiS 2 flakes to exposure to a 5% oxygen/argon gas mixture at temperatures between 150 and 500°C
. Thermogravimetric analysiss showed rapid conversion of TiS 2 to TiO 2 at 325°C.
14 This heating induced transformation is of potential importance to alternate battery systems. For example, Na-ion batteries often operate at elevated temperature to compensate for the sluggish movement of the larger ions versus Li ions. In order to better understand this behaviour we used EDX and EELS spectrum imaging and nanoprobe line profiles, in conjunction with a heating/gas in situ TEM holder to study the oxidation of these materials at high spatial resolution. To minimise initial oxidation, the flakes were dispersed in anhydrous isopropyl alcohol (IPA) in the inert atmosphere of a nitrogen glove-box. The sample was put under vacuum within a few hours of being dropcast, and a flake was initially inspected at room temperature in vacuum ( Supplementary Fig. 5 ), however the flakes bore a strong resemblance to those in Fig. 1 , with a thin oxide border around all flake steps. The sample was heated up to 150°C and allowed to settle before the gas mixture was introduced, which produced no obvious changes to flakes (Fig. 4a) . Gas was then introduced at a pressure of 330 mbar, and the temperature increased to 250°C and then to 375°C. At 375°C a rapid and dramatic morphological change occurred in many flakes, at which point the temperature was dropped to 325°C to prevent further reaction while analysis was performed. Figure 4 demonstrates that the flake undergoes both chemical and morphological changes when heated to 375°C in this environment. The HAADF contrast (Fig. 4b) , formerly uniform across the flake, showed striations running through it parallel to the edges of the flake, and the flake appears to have shrivelled up and possibly delaminated, very different to the pristine starting material. We saw near-complete loss of sulphur throughout (Fig. 4e) , apart from a small region top the top left underneath a much thicker flake. Comparison of the Ti and O EDX maps ( Fig. 4c  and d) suggests that there is an oxide layer which does not contain Ti around the edge of the flake. This is confirmed by EELS analysis in which we can distinguish different local environments for oxygen from the shape of the O K edge. By producing a chemical map using the O pre-K edge (π* and σ*) (Fig. 4h) we find this coincides well with the Ti L 2,3 map (Fig. 4g) . In contrast the main O K-edge map (Fig. 4i) extends outside the Ti-rich region but agrees with the O EDX map, suggesting the presence of an additional surface oxide layer. A combination of the surface layer and the thickness likely protected the top region from oxidation.
Nanoprobe electron diffraction patterns along the line indicated in Fig. 4b were acquired to study the crystallinity. Figure 4f is the sum of diffraction patterns from 12 positions over a distance of 120 nm from the surface into the flake. The apparent superposition of single-crystal patterns show that oxide is
polycrystalline, while the perseverance of the dominant {110} reflections across several steps suggests one grain to be at least 50 nm wide. Of the three main TiO 2 polytypes (rutile, anatase and brookite), the reflections observed most closely match to rutile observed along the [001] direction, with traces of anatase. At this temperature, anatase would be the expected phase of TiO 2 , as the anatase-rutile transformation is not expected until 620°C. 20 Both anatase and rutile nanosheets have been observed, [21] [22] [23] [24] and 4-layer thick rutile nanosheets are predicted to be stable. 25 In situ heating in vacuum showed little change to the flake, expanded upon in Supplementary Fig. 6 , but shows it is the presence of O 2 that is critical to this transformation.
Analysis of elemental environment from electron energy-loss spectra Maps of the Ti L 3 peak shift relative to its energy in the TiS 2 are shown in Figs. 2e and 3e . A shift up in energy is expected upon replacing a Ti-S bond with a Ti-O bond. Oxygen is more electronegative than sulphur so oxygen will form a more ionic bond, increasing the bond energy. Mapping the Ti L 3 peak offers a useful tool to distinguish between regions of the sample that have actually oxidised versus those with a residual surface layer containing oxygen. It also offers some insight into the degree to which a sulphurous-region has been oxidised, based on the magnitude of the peak shift. The maximum peak shift observed Fig. 3e ; however this peak-shift is reduced in Fig. 2e as a result of some surface oxidation also seen in the O EELS map (Fig. 2c) . Figure 5 compares EELS spectra from flakes oxidised in water, air and the in situ heating, showing the Ti L 2,3 , L 1 (minor) and O K edges. These spectra have been normalised to the same integrated intensity for ease of comparison, and split into the Ti L 2,3 and O K/Ti L 1 regions. It can be seen that while the intensity is relatively flat after the Ti L 2,3 edge in spectra A-D post background removal, it increases in spectra E from the in situ experiments. This is due to increased plural scattering from the SiN windows encasing the gas in the in situ holder adding another 80 nm to the overall specimen thickness. Adding this to the flake thickness approaches the inelastic mean free path of TiS 2 -128 nm at 300 kV. This worsens the energy resolution, spreading the zeroloss peak to a full width half-max of 1.3 eV, so we were not able to resolve most of the fine detail around the various edges.
The energy loss near edge structure can act as a fingerprint for specific polymorphs of a given structure, such as the various phases of TiO 2 -anatase, rutile and brookite, and can also differentiate other oxides of varying stoichiometry. [26] [27] [28] Stoyanov et al. 28 proposed the following empirical equation to determine the concentration of Ti 4+ within a titanium oxide:
x ¼ ln a À 0:87953 0:21992 0:21767:
In this equation, x is the Ti 4+ concentration (Ti 4+ /ΣTi 4+ ) and a is the white line intensity ratio I(L 2 )/I(L 3 ) based on the intensity within two 1 eV energy windows-an L 3 window centred around the first white line in the L 3 edge in a pure Ti 3+ sample (455.8 to 456.8 eV), and an L 2 window centred around the second white line in the L 2 edge in a pure Ti 4+ sample (465.25-466.25 eV). This analysis was performed on the three oxides in Fig. 5 (extracted from the corresponding oxide regions in Figs. 2-4) , produced after exposure to water (Fig. 5b), atmosphere (Fig. 5d) , and oxygen at 375°C (Fig. 5e) . It showed that in all cases we have a mixture of Ti 3+ and Ti 4+ ions present within the oxides. This suggests that oxidation of TiS2 does not form pure TiO 2 but instead, we appear to have the formation of an intermediary or non-stoichiometric oxide. This could explain the disordered structures observed in both imaging and diffraction (either amorphous or nanocrystalline).
Standard EELS quantification within Digital Micrograph of the oxides in Fig. 5b (water) and Fig. 5d (air) 28 The spectra show agreement with Ti 2 O 3 with reasonable match in the position of the L 3,2 maxima, while the lack of crystallinity would likely cause broadening of the peaks making it hard to resolve the expected splitting. 28 However, this stoichiometry would suggest the valence of Ti to be a mixture of Ti 3+ and Ti 2+ , TiO would not be expected to be found at room temperature, typically requiring temperatures of Thermodynamics of reaction with oxygen gas To investigate the difference in reactivity between O 2 and H 2 O, we performed calculations to determine the thermodynamics of oxidation of TiS 2 by oxygen gas. In the first step of this reaction, the oxygen molecule should be physisorb on TiS 2 edge, which is endothermic (−0.28 eV). By contrast physisorption of a water molecule on a TiS 2 edge is quite exothermic ( + 0.76 eV). Oxygen could then either substitute for sulphur ( + 2.00 eV at the edge and + 1.98 eV at the centre of a nanoflake) or fill a pre-existing sulphur vacancy (the most exothermic at + 3.39 eV), both significantly more exothermic than the corresponding reaction with water (0.12, 0.11 and 0.21 eV, respectively). Generation of a sulphur vacancy is strongly endothermic however (−1.4 eV) and under the proposed mechanism, filling one would not result in the formation of a new vacancy (in contrast to the chaining reaction with water). 15 Filling a vacancy would also result in the formation of a lone oxygen atom that would then either need a second vacancy to enter the structure, or combination with another lone oxygen atom to form a new O 2 molecule (we did not investigate this step). The low reactivity of O 2 at room temperature is therefore believed to be due to the relatively large barrier in bringing O 2 to the surface and then removing a sulphur atom, which is easier to overcome as thermal energy becomes more plentiful upon heating.
It might be possible to have some degree of control over the electronic properties of a sulphide-oxide hybrid material, by engineering the band gap. Calculations have shown the band gap can be fine-tuned between the extremes of pure TiS 2 and TiO 2 via oxygen substitution, 15 which might also explain why such a range of values exist for the measured band-gap. Aging in water would provide one method of controlling the formation of oxide, although it would be isolated to the edges. Flash heating with oxygen might provide an alternative, if a flake could be controllably damaged such that oxygen vacancies pocket the surface, possibly through ion-or electron-irradiation. Small regions of oxide dispersed among the sulphide could therefore potentially be formed.
DISCUSSION
Possible oxidation mechanism
The mechanism by which water oxidises TiS 2 could be envisaged as having two stages. During stage 1, sulphur in the outermost surface regions is exchanged with oxygen to produce the hydrogen sulphide smelled upon opening vials of the dispersion. This has previously been demonstrated theoretically, 15 and the mechanism reproduced in Supplementary Fig. 7 . Later, titanium in non-surface layers seems to diffuse out to react with oxygen, leading to titanium depletion within the core. The depletion region appears dark in both the HAADF intensity (Fig. 2a) and Ti EDX maps (Fig. 2b) , and is rich in sulphur relative to titanium. This would be consistent with the nanoscale Kirkendall effect, whereby atoms diffuse via vacancy exchange, with preferential diffusion of cations outwards over anions inwards. [32] [33] [34] Reaction with water at the flake edge disturbs the crystallinity, generating Ti 4+ vacancies. These vacancies diffuse away from the edge as fresh Ti 4+ moves towards the edge to react with O 2− , leaving sulphur to recombine and leave afterwards. The formation of the oxide layer hinders both the removal of sulphur and inward-diffusion of oxygen, leading to the formation of the depletion region observed. The apparent increase in thickness, observed from the increase in intensity in Fig. 2b , would likely be due to formation a less dense amorphous structure. This swelling of layers as they oxidise would serve to inhibit transport to the interface resulting in the slow rate of degradation of layers away from the surface, which would have the greatest impact on thicker flakes. A schematic representing this mechanism is shown in Supplementary Fig. 8 .
We observed edge oxidation to be strongly preferential versus bulk suggesting that diffusion between layers is much faster than through layers. The fragmented nature of the oxidised region could arise during the removal of sulphur, if the sulphurous species act to isolate nucleation of tiny oxide domains.
This contrasts with the oxide morphology seen in the oxygengas-heating experiments. There oxidation seems to result in the shrinking and crinkling up of the flake, albeit still with a polycrystalline structure. This could be due to large amounts of strain being rapidly induced in the flakes by the reaction. The elevated temperature makes all species more mobile, which is likely the reason behind both the higher rate of oxidation and the higher rate of sulphur recombination and removal. An alternative explanation for the striped appearance of the oxide is that oxide nucleates and starts to grow, dragging titanium towards it while expelling sulphur away. The sulphur-rich regions eventually combine into gaseous species lost into the atmosphere in the holder, leaving behind regions with much less material than those around the original nucleation sites.
CONCLUSION
In conclusion, we studied the oxidation of TiS 2 in a range of environments using a range of advanced electron microscopy techniques. The kinetic barrier for oxygen gas oxidation appears to be higher than that for oxidation via water. Water was observed to slowly oxidise TiS 2 flakes, with oxidation starting at the flake edge and moving inwards, forming an amorphous oxide of Ti 3+ and Ti 4+ . In contrast, the flakes oxidise slowly in atmosphere or vacuum conditions at high temperatures, suggesting moisture to be the critical element to remove from their environment in order to ensure long term stability. TiS 2 was fully oxidised when heated above 375°C in oxygen gas, using an in situ set-up, whereupon flakes oxidised immediately to form poly-crystalline material.
This work demonstrates the potential capabilities of cuttingedge in situ TEM holders for detailed characterisation of twodimensional nanomaterials degradation behaviour within relevant environmental conditions not commonly available within a transmission electron microscope. In particular simultaneous Fig. 2 , b from the oxide region of the water oxidised flake in Fig. 2 , c from the sulphide region of the air oxidised flake in Fig. 3, d from the oxide region of the air oxidised flake in Fig. 3 , e from the oxide region of the in situ oxidised flake in Fig. 4 . Inset concentration of Ti 4+ within oxide spectra
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EDX and EELS spectral imaging has been demonstrated in a gascell operating at a pressure of 330 mbar, despite the challenges presented by a combination of 80 nm of electron-transparent window material and a gaseous environment. Mapping of the shift in the Ti L 3 in particular offers a valuable method of distinguishing regions of oxide, sulphide, or a mixture of the two species. This is particularly useful when surface oxygen species would otherwise skew elemental mapping. DFT calculations found the oxidation of TiS 2 by both water and oxygen gas to be thermodynamically favourable, with an edge site being favourable to a vacancy site due to the lack of chain reaction to progress the reaction at the vacancy.
METHODS
Commercial TiS 2 powder was acquired from Sigma Aldrich (99.9% Lot#333492) and stored in an argon filled glove box with both oxygen and moisture readings <1 ppm. Five milligrams of TiS 2 were added to 50 ml anhydrous IPA (99.5% Sigma Aldrich Lot#278475). The unexfoliated dispersion was then exfoliated using a Fisherbrand ultrasonic disintegrator operating at 20 kHz and 34 W. The temperature was kept at a constant 10°C using a circular IsoUK 4100 R20 refrigeration bath. The dispersion was sonicated for 3 h and quickly placed inside a centrifuge tube. The dispersion was centrifuged at 1000 RPM for 1 h and the supernatant was decanted and stored in the Argon-filled glove box.
For the ex situ ageing experiments, the dispersion was drop-cast onto gold TEM grids, while for the in situ experiments it was drop-casted onto specialised Si-Si 3 N 4 windowed environmental cell chips. The later are used with the in situ gas TEM holder and allow the sample to be viewed at high resolution while being exposed to elevated temperatures (up to 900°C) and pressures up to 1 bar. The upper environmental cell chips consist of a heating element surrounding 30-nm thick Si 3 N 4 windows through which the electron beam can pass and the sample can be viewed. Material was drop-casted onto these windows for heating and imaging.
The microscope used for Figs. 1 and 2 was an FEI Titan 80-300 S/TEM, operated mainly in STEM mode at 300 kV, with an EDAX EDX detector and a Gatan imaging filter (GIF) for acquiring EEL spectra. The convergence angle was 10 mrad, and HAADF collection angles were 39-200 mrad while EEL spectra were acquired with a collection angle of 21 mrad and an energy dispersion of 0.1 eV. Figure 3 was acquired on a NION UltraSTEM operated at 200 kV with a Brucker EDX detector and Enfinia EELS spectrometer. The convergence angle was 27 mrad, collection angle of the HAADF detector 99-200 mrad, and EEL spectra were acquired with a collection angle of 15 mrad and an energy dispersion of 0.1 eV.
The procedure for ex situ hydration of TiS 2 was to image flakes immediately after dispersion, then store the grid in deionised water between imaging sessions. The grid was dried in an Across International drying oven (V0-16020C3-Prong) at~5 × 10 −2 mbar for an hour prior to imaging to remove as much excess water from the grid as possible, and then returned to DI water immediately afterwards. Attempts were made to re-image the same flakes, but build-up of carbonaceous contamination would coat imaged areas, retarding or fully preventing further oxidation. However, the range of flakes studied was broadly similar in both size and thickness, so reasonable comparisons could be drawn between them.
In situ oxidation experiments have been performed using a Protochips Atmosphere system and a FEI Titan 80-200 ChemiSTEM equipped with probe-side aberration correction, anX-FEG electron source and four windowless SDD detectors. The experiment was performed using an acceleration voltage of 200 kV, a beam current of 600 pA and a convergence angle of 21 mrad. EDX spectrum imaging was performed with the specimen tilted at 25°to prevent shadowing of the X-rays emitted from the specimen by the specimen holder. In this configuration, two of the four (Super-X) EDX detectors were used for the acquisition, providing a solid angle of about 0.4 sr. EEL spectra were acquired using a GIF Quantum with an energy dispersion of 0.1 eV and a collection angle of 62 mrad, providing an effective energy resolution of 1.3 eV. In standard imaging mode, the HAADF collection angles were 62-142 mrad, while in spectroscopy imaging mode the HAADF collection angles were 60-190 mrad. The gas environmental cell holder was run with an oxygen/argon mix at 290-350 mbar operated between 150-500°C. The holder had been modified previously, similar to the modifications reported for the liquidcell holder, 35, 36 in order to significantly reduce the shadowing of the holder for two of the four available EDX detectors. The internal environment of the holder was shielded from the vacuum of the microscope by two silicon nitride windows, 30 and 50-nm thick.
Selecting an appropriate sample size is a crucial step in designing a successful study. Electron microscopy studies were hereby designed to be representative of the sample. We based this study on multiple samples prepared exactly in the same way. Samples were individually screened at the microscope to make sure our findings were representative. Sheets thickness dependence is discussed in the manuscript.
Computational approach DFT 37, 38 calculations were performed with the CP2K package using the PBE (Perdew-Becke-Ernzerhof) exchange and correlation (XC) functional.
39
CP2K uses Goedecker-type pseudopotentials and expands Kohn-Sham orbitals using a combination of a mixed Gaussian-type and plane-wave basis set. 40 The atomic orbitals of the atoms involved (O, H, S, and Ti) were expanded in DZVP and DZV (double-zeta valence polarised and doublezeta valence) Gaussian-type basis sets, while charge density was expanded in plane-waves with a density cut-off of 800 Ry.
An ideal TiS 2 monolayer was modelled using a hexagonal TiS 2 (1,1,1) 8 × 8 supercell containing 192 atoms, in which layers were periodically separated in the z-direction by a vacuum region 10.7 Å wide. A 4 × 8 supercell of TiS 2 was created to model a nanoflake, continuous in the ydirection and truncated in the x-direction, such that periodically repeated flakes in the x-(z-direction) direction were separated by 15.37 (10.73) Å. This supercell was created to be orthorhombic, replicating a (√3,1) rectangular unit cell over the primitive hexagonal unit cell. This nanoflake was created to study structural and oxidation properties at the edges, which were modelled with 50% S-passivation. 15 The structure of this edge was a zig-zag structure, with S atoms lying across the Ti terminal row such that the edge appears tilted. This has the effect of leaving the Ti atoms accessible to the oxidising molecules-gaseous oxygen and water.
We determined the cell to be sufficiently large to be a good representation of the Brillouin zone at Γ, by comparison of edge geometry and oxidation energies between a 4 × 8 and a 4 × 20 supercell. Substitution of an O atom into the middle of the nanoflake was also performed to check that the same reaction energy was obtained for an infinite surface.
Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable request.
